ABSTRACT
Introduction
The aim of tracheobronchial stents is to preserve the permeability of the airways. Differently from the conventional tracheotomy tubes, these stents maintain the airflow, what allows preservation of voice, humidification, warming and filtration of inhaled air. They have been used in cases of benign and malignant obstructions, involving the trachea, the carina and the main bronchi.
They are inserted under endoscopic control at bronchoscopy.
The benign tracheal stenosis occurs in patients using orotracheal canulas for long-term artificial ventilation in Intensive Care Units and in patients with tracheostomy. The malignant obstructions occur in patients with tracheal primary tumors, advanced lung, esophagus and thyroid neoplasms. Regarding the latter patients, surgical treatment is not always curative and palliative disobstruction of the airways is needed.
Most of the literature on stents is about silicone tubes; self-expandable metal stents have recently been introduced with a simpler placement mechanism in comparison with the silicone models.
In an attempt to group together the advantages of both models, hybrid stents have been developed, such as the selfexpanding silicone model and the metal models, totally covered with silicone, polyester, polypropylene and combinations of silicone and polytetrafluoroethylene (PTFE).
In Brazil, there has been an increase in the number of patients with tracheal stenosis who are non-candidates for a surgical treatment, i.e., when surgical reconstruction of the airways is contra-indicated. The tracheobronchial stents have met the demands of this group of patients 1 . Hence, there is a growing need of tracheobronchial stents.
However, the use of these stent models is limited due to high costs and unavailability in the national market -all of them are imported. This has led to the present experimental study, aiming at the viability of a tracheobronchial stent nationally manufactured.
The objective of this study is to evaluate the macroscopic and histological changings resulting from the placement of a self-expanding nitinol stent covered with polyurethane and an uncovered model in rats.
To reach the proposed objective, an experimental animal model in rats has been designed and tested.
Methods
The tracheal stent was placed in 30 adult Wistar rats, ten months old, male and female, 400g average weight, raised at the Cruzes University, after a pilot study of 10 animals.
The self-expandable stents were made of nitinol mesh woven from a single strand and covered or not covered with a polyurethane membrane. The dimensions were 18mm in length and 4 mm external diameter (8FR) for the coated models and 4 mm (7FR) for the uncoated models, after being released in the tracheal lumen, when fully expanded ( Figure 1 ). The stents were placed in a cylindrical translucent plastic stent delivery system of 2 mm external diameter; the stent was compressed inside it. An inner catheter enclosed in the stent ∅ ∅ delivery system completed the device (Figures 2 and 3) . Recovery from anesthesia took place in a warm environment; animals were supplied with an oxygen mixture until full motor recovery was completed and then were accommodated in individual boxes.
The animals were observed daily for a period of 6 weeks and respiratory changings were registered in individual files.
Symptoms and signs presented in the period between placement and death or euthanasia were registered and assessed.
Animals having an early death underwent necropsy within 12 hours after death. Deaths occurring in the period ≤ 5 days were considered early. All these animals were kept in a cold chamber until necropsy.
Macroscopic evaluation
The animals that completed the observation period were anesthetized with xylazine (Rompum ® ) (Bayer, Brazil) and sulfuric ether and then underwent a median cervical thoracic laparotomy.
The removal of the visceral block with the trachea and the lungs began with tongue traction and dissection of the muscles of the floor of the mouth and of the pharynx; the esophagus and the lungs were removed together. Next, euthanasia by exsanguinations was performed, with the sectioning of the abdominal aorta.
Macroscopic inspection of the trachea, lungs and esophagus and the register of anatomical parameters followed.
Each macroscopic variable was individually registered and the trachea was measured with a ruler and its diameter with a digital pachymeter.
The observed macroscopic variables and measurements are sees in Chart 1.
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Documentation of the measures of each piece removed (tracheal block) followed ( Figure 5 ). On the other hand, if it was firmly adhered and irremovable from the tracheal lumen, it was considered incorporated, partially or completely, depending on the microscopic evaluation of the epithelial revetment of the tracheal mucosa.
For the microscopic analysis of stent incorporation, the tracheal wall with the stent was opened longitudinally and the nitinol strands were removed one by one, with a pair of tweezers, without damaging the mucous revetment ( Figure 6 ). 
Results
Thirty animals underwent the placement of a stent -15 animals in the group of polyurethane covered models and 15 in the group of uncovered models.
Two animals were excluded on the day the stents were being placed -one of them due to death during anesthetic recovery and the other one due to a fault in the stent delivery system as the stent was stuck in the device. Of the seven animals that died of early complications, three had received covered stents and four had received the noncovered model.
Therefore, 21 animals completed the observation period.
At the moment of euthanasia, three animals did not have the stent inside the trachea -one stent was in the esophagus middle third and two were not found.
The trachea of one of the animals was used for cut tests by microtomy with the nitinol strand. 
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2) Dilatation degree Dilatation score: 0 = total dilatation and 1 = partial dilatation.
Dilatation, gauged by the measurement of the external diameter, was total in 100% of the non-covered stents cases and occurred in 71.4% of the polyurethane covered stents.
Partial dilatation was observed in 28.6 % of the covered stents, however there was no statistically significant difference between the two groups.
3) Granulation tissue
Granulation tissue score: 0 = absent, 1 = up 1 mm high into the tracheal lumen, 2 = from 1 mm to 2mm and 3 = greater than 2mm.
The presence and the height of the granulation tissue into the tracheal lumen, were measured at the stent extremity.
Granulation tissue ranging from 1mm to 2mm high was observed and it was present in 40% of the non-covered stents and in 42.9 % of the covered models. It was located at the proximal or distal border. The rates were very similar without significant differences in the groups. Concerning the inflammatory infiltrate, it was more intense in the group of animals with the polyurethane covered stent; however, there were no statistically significant differences (p = 0.603).
In relation to the infiltrate cellularity, it was predominantly lymphomononuclear in the non-covered stents; in the covered stents, the neutrophilic polymorphonuclear infiltrate predominated.
5) Parietal involvement
The extension of changings in the layers of the tracheal wall, named parietal involvement.
Parietal involvement score: 0 = superficial third (mucosa), 1 = superficial and middle third (mucosa and chorion) and 2 = total (all the layers of the involved wall).
It was present in both groups with moderate or total intensity. The total parietal involvement, extending to all the layers of the tracheal wall, was more frequent in the polyurethane covered stents (71.4%) than in the non-covered ones (28.6%). However, these differences were not statistically significant (p = 0.622).
6) Epithelial revetment
The type of histological changes observed in the respiratory epithelium.
Epithelial revetment score: 0 = epithelial erosion, 1 = ulceration, 2 = regenerative hyperplasia and 3 = squamous metaplasia.
When stratifying the most frequent histological changes observed in the epithelial revetment, it was observed that the polyurethane covered stents presented a high ulceration rate (71.4 %) in relation to the non-covered models (20%) (Figure 9 ).On the other hand, the epithelial erosion rate was predominant in noncovered stents (60%) while the rate in the covered stents was 14.3%). There was no significant difference between the two types of stents, but this difference had a marginal statistical significance (p = 0.078).
Discussion
The main outcome of this experimental study was to evaluate the biocompatibility of two models of polyurethane covered and non-covered self-expandable nitinol stents in rats' trachea so that it might be made available for clinical use in human tracheal stenosis.
It also resulted in the development of a new experimental model for the evaluation of tracheal stents in rats.
The majority of experimental studies for testing and development of tracheal stents have been carried out in animal models such as dogs, lambs, pigs, rabbits and cats due to the more adequate gauge and length of the trachea in these animals.
However, nowadays many countries prohibit by laws the use of such animals for researches followed by euthanasia.
Experimental models of tracheal stenosis have been also performed by combined methods and reported in the recent literature.
In Brazil,Vaidergorn et al. The two groups were analyzed separately because the aim of the study is to compare the variables observed and the impact on biocompatibility.
Lochbihler et al. 6 , first reported an experimental study of compatibility of stents for tracheal stabilization in wistar rats.
This study demonstrated erosive mucosal injuries in the trachea, as well as distinct polyps of granulation tissue, focal metaplasia of the epithelium and inflammatory infiltrates of the lamina propria.
In a recent study employing a similar model of stent in rabbits' trachea, Faria et al. 7 observed that these animals showed low resistance and little tolerance to the aggressions caused by the stents, despite the fact that their airways is larger, longer and has a greater diameter. Exclusion rate in the Faria's experiment was 48% due to early complications.
This study showed a degree of anatomical and histological incorporation in 100% of the animals in the group that received non-covered stents and 100% adherence, without incorporation, in the group with polyurethane-covered stents (p < 0.001). Faria et al. 7 also observed that in the polyurethane-covered stents, there was 84% of adherence and only 16% of incorporation to rabbits' trachea in an observation period of 26 days.
Shin et al. 8 observed that dilatation was total in only 54% of the cases.
Regarding granulation tissue, our results were similar to those of Shin et al. 8 and Faria et al. 7 , in which the presence of granulation tissue was identified in 100% and 77% of the cases respectively. In this study, granulation tissue about 2mm high was observed and it did not exceed much. It was present in 40% of the non-covered stents and in 42.9% of the covered ones and located at the proximal or distal border of the stents. These values were similar and without statistical significance between the two groups.
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Faria et al. 7 study of rabbits' trachea showed the prevalence of acute inflammatory reaction in the segment with the polyurethane-covered stent and less intense inflammatory reaction in the tracheal segments without stent.
In Brazil, Xavier et al. 12 developed a modified Dumon stent for tracheal application in an experimental study in dogs.
The histopathologic results revealed a well-preserved epithelial basal membrane and mild submucosal inflammatory infiltrate with scattered granulation tissue.The modified silicone stent developed proved to be resistant to mechanical stress and biocompatible in the canine trachea.
In the present study, parietal revetment changes were observed in both groups with stents. They varied from epithelial erosion, deeper ulcerations and regenerative hyperplasia to squamous metaplasia.
Polyurethane-covered stents presented high ulceration rate (71.4%) in relation to the non-covered models (20%). On the other hand, epithelial erosion rate was predominant in the noncovered stents (60%) while the rate was 14.3% in the covered stents. Probably, besides sealing the gaps in the nitinol mesh, the coating of the stent with the polyurethane thin membrane also works as a protection carpet of the mucous epithelium. However, the polyurethane does not prevent ulcerations in the deepest part of the chorion. Faria et al. 7 also observed the presence of ulceration in the epithelial revetment of rabbits' trachea in 42% in cases that only polyurethane-covered stents were used.
Liu et al. 13 tested a new mesh-type bioresorbable stent and evaluated its safety and biocompatibility in a rabbit trachea model. No animals died during the period of study, but stent migration was noted and secretion accumulation was found.
Histological examination showed marked leukocyte infiltration in the submucosa of the stented area. Recently other study was undertaken to evaluate safety and biocompatibility of a novel biodegradable polydioxanone stent in rabbit tracheal model.
Macroscopic examination revealed that the tracheal lumen stayed
open, however histologic examination showed that tracheal damage score was highest five weeks after stenting, including instent necrosis of the epithelium 14 .
The animal experimental model that was developed and improved was suitable for tracheal stent evaluation and it should be used for this line of research in the future.
Conclusion
The two stent models studied showed biocompatibility in Wistar rats' trachea.
